HRGC-MS, using split/splitless injection (230°C), showed that a dioxygenase from Pleurotus sapidus regio-selectively transformed (+)-car-3-ene to car-3-en-5-one as the major volatile product to minor amounts of the corresponding alcohol, and to some other volatiles. Thus, the reaction was assumed to be radical mediated and similar to the lipoxygenase catalyzed peroxidation of polyunsaturated fatty acids, but the expected car-3-ene-hydroperoxides were not detected. TLC of the reaction products, followed by hydroperoxide specific staining, visually indicated the presence of hydroperoxides. TLC spots were eluted and re-analyzed using cool on-column injection, but only tailing peaks showing a mixed mass spectrum of car-3-en-5-ol/one were obtained. An unequivocal identification of car-3-en-5-hydroperoxides was achieved only after using APCI + -LC-MS. Upon structural confirmation, the car-3-en-5-hydroperoxide was accumulated by preparative HPLC, re-injected cool on-column, and the continuing degradation of the hydroperoxide to monoterpene ketone and alcohol during chromatography was verified. It was concluded that terpene hydroperoxides may occur in essential oils more frequently than anticipated, but are not recognized due to the principal blindness of capillary gas chromatography techniques and UV/vis LC-detectors.
Looking at the abundant olefinic structures of oligoisoprenoids in essential oils, photo- [1, 2] and autoxidation reactions [3, 4] to peroxides must be expected. However, steam distillation followed by high resolution gas chromatography is still common in essential oil analysis, and both steam and the hot injector surface inevitably degrade any primary terpene (hydro) peroxides present in the sample. Not surprisingly, only very few terpene endoperoxides are well characterized, such as the antimalarial drugs artemisinin and arthemether, and the anthelmintic ascaridol [5] . Occasionally, endo-and hydroperoxides were isolated from solvent extracts of medical plants [6] . Indirect evidence for a secondary formation of peroxo-structures is provided by the frequently observed antimicrobial properties of essential oils, which are increasing during aging [1] .
Interest in terpene hydroperoxides rose when it was discovered that hydroperoxides of widely used fragrance chemicals, such as (R)-(+)-limonene, are potent contact allergens [3] . More recently, several monoterpenes used in cosmetics, fragrances and household products were examined in detail for autoxidation kinetics, structural requirements and mechanistic details [4, 7, 8] . Various reactions, among them a thiol-ene mechanism, may be involved in the formation of an immunogenic terpeneprotein complex [8] .
Analysis of hydroperoxides is generally complicated by their chemical instability. Quantification was based on iodometry [4] . Isolation and separation of peroxides was usually carried out using liquid chromatography on silica phases [9] , followed by mass spectrometry [10] . Different ionization methods were applied to analyze hydroperoxides of (-)-limonene, linalool, (-)-β-pinene, (+) and (-)-α-pinene [1, 2, 7, 8] . The hydroperoxidation of (+)-car-3-ene was suggested, but no attempts were made to isolate and structurally characterize the product(s) [4] . Gas chromatographic analyses of terpene hydroperoxides were successful in rare cases only [2, 3] .
Recent studies elucidated the bioconversion of terpenes catalyzed by a dioxygenase of the basidiomycete Pleurotus sapidus. (R)-(+)-Limonene was converted to carvone, as well as to the corresponding cis/trans-carveols [11] , α-pinene to verbenone and cis/trans-verbenols [12] , and the bicyclic valencene to nootkatone and to α-/β-nootkatols [13] . The sequence homology of the enzyme, a relative of a fungal lipoxygenase, and the patterns of the oxo-functionalized products pointed to the presence of hydroperoxides as the primary products of enzyme catalysis. The present paper reports concerted thin-layer, gas and liquid chromatographic analyses of the transformation products after treating (+)-car-3-ene with the same enzyme from mycelia of P. sapidus [14] .
Homogenates of mycelium of Pleurotus sapidus were incubated for four hours with (+)-car-3-ene (I). Extracts were analyzed using HRGC with different injection techniques. After splitless or split injection, car-3-en-5-one (IX) and p-cymen-8-ol (X) were found as products ( Figure 1 ).
No indication for the presence of hydroperoxides was found. Using cool on-column injection two tailing peaks at 30.55 min and 34.17 min were detected ( Figure 2 ). Prior studies suggested the decomposition of hydroperoxides on the GC-column to the corresponding ketones and alcohols [9, 12] . When cool on-column GC-MS of a bioconversion extract was performed, traces of ions at m/z 150 and 152 were monitored throughout the chromatogram indicating a continuous degradation of the non-volatile hydroperoxides with increasing column temperature. The poor shape of the two additional tailing peaks indicated that even cool oncolumn gas chromatography destroyed the presumed hydroperoxides ( Figure 2 ).
A TLC separation of bioconversion extracts, followed by a hydroperoxide sensitive Huber staining visually confirmed the presence of hydroperoxides. By staining with anisaldehyde the carenones and carenols were visualized and clearly separated from the hydroperoxide spot. The Huber positive spot was eluted from the plate, and the concentrated extract was analyzed using HPLC and HRGC-MS. Even cool on-column GC-MS showed car-3en-5-one (IV) and the cis/trans-alcohols (III) only, confirming the assumption of degradation of hydroperoxides during analysis.
Comparative analysis of bioconversion samples and of synthesized standard compounds using HPLC-DAD confirmed the presence of car-3-en-5-one (IV), car-3-en-2one (VI), and car-2-en-4-one (VIII). Additionally, an unknown peak occurred that was accumulated in several subsequent LC runs. The sample was concentrated and re-analyzed using HRGC. After cool on-column injection, peaks with the retention times and mass spectra of car-3-en-5-one (IV) and trans-car-3-en-5-ol (III) appeared. Detailed analysis of the LC-MS data confirmed the three respective carenones (according to authentic standards) and carenols (by mass spectrum, only), and also showed an unidentified compound (shoulder in the chromatogram, Figure 3 ). After oxidation of the sample using Cu(I)Cl the unidentified peak disappeared completely and the peak of car-3-en-5-one (IV) increased by roughly the same peak area. This (a comparable response factor provided) strongly indicated that the unidentified peak represented car-3-en-5-hydroperoxide (II).
The APCI + -MS of the assumed car-3-en-5-hydroperoxide (II) showed signals that matched the proposed structure: The peaks of car-3-en-2-one (VI) and car-2-en-4-one (VIII) did not increase after Cu(I)Cl oxidation. Obviously, the actual concentration of the potentially formed car-2-en-4-hydroperoxide and the car-3-en-2-hydroperoxide was too low. This is explained by a lower rate of formation and/or stability compared with car-3-en-5-hydroperoxide (II). The oxidation at C5 appears to be preferred during the bioconversion process resulting in the formation of the stereo-chemically more stable car-3-en-5-hydroperoxide (II) and its respective degradations products [14] . The genuine concentration of car-3-en-5-hydroperoxide (II) during the bioconversion is most likely underestimated because of the continuing degradation to ketone and In summary, TLC with hydroperoxide specific staining, HRGC, HPLC, LC-MS and the oxidation experiment proved the assumption that car-3-en-5-one (IV) and transcar-3-en-5-ol (III) in bioconversion samples were formed through the intermediate hydroperoxide. Analogous hydroperoxides may be the sources of the other carenones and carenols identified, but were too unstable to be detected under the conditions used. The degradation of car-3-en-5-hydroperoxide (II) in the ion source of the mass spectrometer resulted in mixed spectra with ions at 150 m/z for the carenone and 152 m/z for the carenol. These results agree with data presented for hydroperoxides of limonene. Using chemical ionization with either isobutene (positive mode) or methane (negative mode), respectively, the molecular ion of the respective hydroperoxide was obtained for one out of six isomers only [3] .
The incubation of dioxygenase rich mycelia of Pleurotus sapidus with (+)-car-3-ene (I) yielded, although in much higher quantities, a product spectrum not unlike that of autoxidation [14] . In previous studies, the same enzymatic mechanism converted terpenes as different as limonene, α-pinene, and valencene to mixtures of terpene ketone and alcohol [11] [12] [13] . As in autoxidation reactions, the key step was the dioxygenase catalyzed introduction of oxygen to form a corresponding hydroperoxide. The formation of the ketones and alcohols resulted from the chemical decomposition of hydroperoxides, and not by the direct action of Cytochrome P450s or else on the terpene substrates.
Terpene hydroperoxides may occur more frequently in microbiological samples and in autoxidized essential oils, but are not recognized due to the principal blindness of the standard analytical methods applied. The concurrent occurrence and increase upon incubation/storage of ketone/alcohol pairs may serve to signal peroxidation.
Experimental
Chemicals: Car-3-ene (I) (90%, Sigma Aldrich, Germany) and azeotropic n-pentane/diethyl ether (1:1.12) were distilled before use. All other chemicals used were analytical grade.
Preparation of car-3-en-5-hydroperoxide:
Car-3-en-5hydroperoxide (II) was obtained after the incubation of (+)-car-3-ene (I) with mycelial homogenates of Pleurotus sapidus, followed by extraction, drying (NaSO 4 sicc), and gentle concentration, as described elsewhere [14] .
HRGC/HRGC-MS:
One µL of each concentrated sample was injected into a Fisons GC MFC 800 equipped with both a cool on-column injector and a split/splitless port, a Factor Four VF Wax MS (Varian, USA) fused silica capillary column (30 m x 0.32 mm i.d. x 0.25 µm film thickness), hydrogen as the carrier gas (40 cm s -1 ), and a FID (230°C) using a temperature program from 40°C (3 min) to 200°C, with a rate of 3°C min -1 and to 240°C with a rate of 10°C min -1 and held for 5 min. In the case of split injection a split ratio of 1:10 was used.
HRGC-MS analysis was carried out using the same conditions as for GC-FID analysis and helium as the carrier gas (38 cm s -1 ). Identification of transformation products was achieved by comparison of EI MS with data from either synthesized reference compounds [14] or literature (Wiley 08 / NIST 08, 2008; spectral libraries) using a Fisons GC 8000 gas chromatograph and a Fisons MD 800 mass selective detector (interface: 230°C, ion source: 200°C, quadrupole: 100°C, EI ionization (70 eV), scan range m/z 33-300 amu).
Thin layer chromatography:
TLC was carried out on silica gel 60 (Merck, Darmstadt, Germany) with azeotropic n-pentane/diethyl ether (1:1.12) as the mobile phase. The TLC plates were dried and subsequently stained with either anisaldehyde or the hydroperoxide specific Huber reagent [14] . For HRGC and for treatment with Cu(I)Cl the silica gel spots were eluted with n-pentane/diethyl ether (1:1.12). The dried and concentrated extracts were used.
HPLC:
Aliquots (1 mL) of the respective concentrates were evaporated to dryness and re-dissolved in MeOH: H 2 O (40:60 v/v). For HPLC analysis, a Kinetex 100-C18, 100 x 4.6 mm, 2.6 μm column was used. The mobile phase was MeOH (A) and water with 0.05% HCOOH (B) at a flow of 0.5 mL min -1 . Samples were injected (5 µL) at 40% A raised to 80% A in 15 min, held for 10 min and turned back to starting conditions in 5 min. The effluent was monitored at 210 nm.
LC-MS was carried out using a Varian 320-MS TQ mass spectrometer (Palo Alto, CA, USA), two high pressure gradient Varian 212-LC chromatography pumps (Palo Alto, CA, USA), a Varian 4 channel vacuum degasser (Palo Alto, CA, USA) and a Varian Pro Star UV/Vis detector (Palo Alto, CA, USA). Ion detection was achieved in the APCI (+) mode (5 µA corona current), drying gas at 172 kPa and 200°C, vaporizer gas at 82.7 kPa and 400°C, 379 kPa nebulizer gas pressure, and API housing at 65°C. Data were recorded at 40 V capillary voltage.
Chemical oxidation of hydroperoxides:
Isolated bioconversion products were re-dissolved in pyridine and treated with Cu(I)Cl [15] for 2 h. The reaction mixture was evaporated to dryness and either dissolved in npentane/diethyl ether (1:1.12) for HRGC or methanol for HPLC analysis, respectively.
